Reverse-transcription polymerase chain reaction (RT-PCR) was used to generate a panel of distinct amplicons from total RNA derived from a variety of sources. Following amplification, semi-quantification of the different amplicons was performed by normalization to steady-state transcript levels of the house-keeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using laser densitometry, phosphorimaging, and liquid scintillation counting. In this report we demonstrate that incorporation of [␣-32 P] dCTP into the PCR amplicons followed by band excision from agarose gels, and counting by liquid-scintillation is both cost-effective and reproducible method for mRNA transcript semiquantitation.
Introduction
Quantitative RT-PCR is a powerful and precise technique that requires the synthesis of a panel of RNAs nearly identical to the target RNA (Gilliland et al, 1990; Sykes et al, 1992) . Numerous methods have been described for semi-quantification of RT-PCR results, including estimation ofproduct yield by ethidium bromide band intensity, optical scanning ( Masters et al 1992; Sutherland et al, 1991) , densitometry (Benjamin et al, 1996; Sharma et al, 1995) , phosphorimaging (Kutty et al, 1993) , chemiluminescence (Jessen-Eller et al, 1994; Su et al 1994) , colorimetry (Lundeburg et al, 1991) , limiting dilution (Sykes et al, 1992) , internal target competition (Goswami et al, 1994) , and HPLC purification (Warren et al, 1991) . In this report we provide a comparative analysis of three popular methods like phosphorimaging, densitometry, and scintillation for semi-quantitation of the PCR amplicons using [␣-32 P] dCTP. Furthermore, this communication suggest for the use of a simple and reliable method of band excision from agarose electrophoresis and liquid scintillation that is also cost effective. This technical approach for semiquantitative results of RT-PCR amplicons can be universally used for analyzing changes in the level of expression of mRNAs in response to various stimuli.
Materials and methods
Cell lines and RNA extraction Total cellular RNA was extracted using Trizol (Gibco-BRL) from several human cell lines as previously described (Benjamin et al, 1996; Sharma et al, 1995 Sharma et al, , 1997 .
RT-PCR procedure and semi-quantitation
The cytokines and the house-keeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), primers used in this study are described earlier (Sharma et al, 1995 (Sharma et al, , 1997 . Using a Perkin Elmer PE2400 Thermal Cycler, cDNAs were prepared by random hexamer-primed reverse transcription (RT) of 0.1 to 1 µg total RNA in a 20 µL reaction as described earlier (Sharma et al, 1995 (Sharma et al, , 1997 . RT was accomplished by incubation at room temperature (23.5°C) for 20 min and at 42°C for 20 min. The RT was inactivated at 99°C for5 min. Target sequences with the range of 1.0 to 3.0 µL cDNA reaction were amplified with 0.5 to 2.5 units of AmpliTaq DNA polymerase (Perkin Elmer) and 10 to 20 pmol each of the sense and antisense primers in the PCR Buffer. The buffer consists of 50 mM KCL, 2 mM MgCl 2 , 20 mM Tris and 62.5 µM dATP, dCTP, dGTP, dTTP and 0.25 to 0.5 µL [␣-32 P]dCTP (3000 Ci/mmol) (Dupont, Boston, MA) per 50 µL reaction.
All PCR reactions were standardized by mixing all ingredients except for the primers as a master mix which was subsequently aliquoted. After heating the aliquoted master mixes to 80°C, the primers were added and mixed into the reaction solution. The samples were briefly spun in a microcentrifuge. Amplification of the house-keeping gene GAPDH and the cytokines are performed in parallel using the same master mix and dilutions for each RT. The first three cycles of PCR consisted of denaturing at 97°C for 30 s, primer annealing at 60°C for 30 s, and primer extending Biotechnology Techniques, Vol 12, No 7, July 1998, pp. 521-524 at 72°C for 30 s. An additional 17-23 cycles were completed under identical conditions except that the denaturation temperature was decreased to 94°C. A final extension was performed at 72°C for seven minutes followed by storing at 4°C.
In the experiments involving blotting, most of the unincorporated radionucleotide from the PCR mixture was removed using G-50 Sephadex spin column chromatography. Following electrophoresis through Tris-Borate-EDTA (TBE) agarose gels, the amplicons were detected by ethidium bromide staining and, in most instances, were then transferred by electroblotting to GeneScreen Plus nylon membranes (Dupont, Boston, MA), using a BIO-RAD Semi-Dry Transblot apparatus as previously described (Benjamin et al, 1996; Sharma et al, 1995 Sharma et al, , 1997 . Membranes were allowed to air dry and were UVcrosslinked using a Stratalinker (Stratagene) set on Autolink. Membranes were briefly exposed to HyperFilm (Amersham Corp) or were scanned on a Molecular Dynamics PhosphorImager. The relative intensities of the bands on film were measured by scanning with a LKB Ultrascan XL Laser Densitometer (Model 2222-010) using the signal integration method as suggested by the manufacturer. The bands recorded by the PhosphorImager were analyzed using volume integration with the ImageQuant program. To assess the accuracy of semi-quantitation in a setting where neither a PhosphorImager nor a Densitometer was available, ethidium bromide bands were cut out of the agarose gel and the incorporated radioactivity was measured in a Scintillation Counter using 0.5 ml of scintillation fluid.
Results and discussion
A number of factors can affect the efficiency of RT-PCR. These include the efficiency of reverse transcription, the integrity of the RNA and the length of the target sequence, the primers chosen for RT (random hexamers, oligo dT, or specific primers), the secondary structure of the RNA, the efficiency of the priming which depends on the T m s of the primers and the presence of related sequences that can consume primer by false priming, and variations in the reagent concentrations. The only way to quantitatively control for all of these variables is to add a panel of nearly identical but distinguishable RNAs in a range of concentrations to the reverse transcription reaction (Gilliand et al, 1990; Wang et al, 1989 ). These internal standards are then carried through the entire RT-PCR in parallel to the target RNA, controlling for any variations. Table 1 depicts the linearity of amplification for a cytokine Tumor Necrosis Factor-alpha (TNF-␣) and the variability in normalization to GAPDH amplicon as assessed with a series of RTdilutions generated from 0.4 µg total RNA. Over this range of dilutions, the TNF-␣ signal remained constant at 2.3 ± 0.1% (SD) that for GAPDH. In order to determine the variation due to gel loading, fourteen 5 µL loadings of the same sample of GAPDH amplicons resulted in a standard deviation of 6.4% from the mean. As a alternative test of the ability of the method to compensate for the yield of RNA harvesting, first strand cDNA synthesis were done using 0.1, 0.5, and 1.0 µg of total RNA. Again the normalized TNF-␣ expression relative to GAPDH were 36.2 ± 3.1%, 38.7 ± 3.7%, and 41.2 ± 2.3%, respectively. However, the reverse transcriptase appeared to become saturated between 0.5 and 1.0 µg total RNA based on a leveling of the absolute number of counts incorporated into product.
A comparison of the results obtained with three different modalities for quantifying radionucleotide incorporation into the amplicons was assessed for a group of cytokines expressed over a range of different conditions as shown in Figure 1 . All experiments were performed at least five times with minimal variability and expressed as average percent modulation. These data clearly show that the cytokine responses of these cells are qualitatively different. In addition, the semi-quantitative data demonstrate that the results of these cell stimuli range from non-existent to substantial additive effects. Each of these methods gives different normalization ratios for the levels of the cytokines for reasons that appear to relate to quantification of the GAPDH bands. Normalization to the level of expression of the GAPDH mRNA asserts that the relative efficiencies of RT-PCR for the control and stimulated cytokine RNAs remain the same from different preparations of the RNA. We use master mixes for both the RT and the PCR to minimize experimental variation. Working with larger volumes ensures that the salt, enzyme, and template con- 
